Eye development
Introduction
The target of rapamycin (TOR) and Jak/STAT signal pathways are highly conserved in animals and important in many developmental processes. Dysregulation of these pathways can lead to cancer formation (Guertin and Sabatini, 2007; Teleman et al., 2008) . Here we present data showing that TOR regulates the function of Jak/STAT signaling during Drosophila eye development.
The gene unpaired (upd) encodes a ligand that activates Drosophila Jak/STAT signaling (Harrison et al., 1998) . It is expressed in the posterior margin of the dorsal/ventral (D/V) boundary, the posterior center (PC), in the larval eye imaginal disc at second and early third instar stages Zeidler et al., 1999) . Notch at the D/V boundary activates the transcription of eye gone (eyg), which activates upd expression at the PC (Chao et al., 2004) . Expression of upd is also regulated by Hedgehog (Hh) signaling (Reifegerste et al., 1997 The cells of Drosophila compound eyes are derived from the eye-antennal disc, which develops from ectoderm of the embryo and grows inside the larva. These cells proliferate rapidly during the first and second instar stage. In early third instar larvae, morphogenetic furrow (MF) that arise at the posterior margin progresses in a wave-like manner toward the anterior margin of the eye disc. Jak/STAT signaling is known to promote proliferation during eye development, and is required for MF initiation; a loss of Jak/STAT function results in reduced eyes (Ekas et al., 2006; Tsai and Sun, 2004) . Therefore, Jak/STAT signaling is regulated by Notch/Eyg and the Hh signaling pathways, and plays positive roles in eye development.
TOR signaling is one of the downstream branches of insulin signal pathway (Grewal, 2009; Sarbassov et al., 2005) . Insulin and insulin-like growth factor elicit a signal cascade involving phosphatidyl-inositol 3-kinase (PI3K) that stimulates PDK-mediated Akt phosphorylation. Phosphorylated Akt can activate TOR, which nucleates the TOR complex 1 (TORC1), allowing it to phosphorylate the downstream targets, the translational repressor eukaryotic initiation factor (4EBP) and the ribosomal protein S6 kinase (S6k). Phosphorylation of 4EBP and S6K promotes CAP-dependent translation and thereby increases protein synthesis. In addition, activation of TOR can also promote ribosome biogenesis via Myc (Teleman et al., 2008) . Loss of the Drosophila TOR (dTOR) function reduces eye size (Oldham et al., 2000) , indicating that TOR signaling is required for eye development.
PRAS40 mediates the insulin signal pathway from Akt to TORC1. Upon insulin stimulation, activated Akt phosphorylates PRAS40 and causes it to dissociate from TORC1, allowing TORC1 signaling to proceed. Thus, PRAS40 can apparently act as an inhibitor of TORC1 (Sancak et al., 2007; Vander Haar et al., 2007) . However, it has been reported that PRAS40 is required for TORC1 activity (Fonseca et al., 2007) , and thus the interactions of PRAS40 with TORC1, based on studies in cultured cells are controversial. The effect of PRAS40 on TORC1 signaling in vivo is still unclear.
The Drosophila Lobe (L) protein shares high sequence conservation with PRAS40 (Oshiro et al., 2007; Sancak et al., 2007; Vander Haar et al., 2007) . L mutants have reduced adult eyes and exhibit ectopic apoptosis during eye development, indicating that L is required for eye development (Chern and Choi, 2002; Singh et al., 2005; Singh et al., 2006) . But whether it regulates eye development via regulation of TORC1 activity is unknown.
In this study, we identified a new L allele, L fee . Quantitative RT-PCR and genetic analysis revealed that L fee is a hypomorphic allele. We found that the eye defect was mediated by ectopic Jak/STAT signaling and cell apoptosis. In L mutants, the ectopic Jak/STAT signaling had a negative effect on eye development, but not a positive one as previously reported. We also found that TORC1 signaling was hypoactivated in L mutants, suggesting that, like PRAS40, L is required for TORC1 activity. This study suggests that hypoactivated TORC1 signaling in L mutants result in ectopic Jak/STAT signaling and apoptosis, impairing eye development.
Results

freaky eye is a Lobe hypomorphic allele
The spontaneous mutant fly found in our lab, freaky eye (fee), is homozygously viable and has abnormal adult eyes. The eyes of most fee flies are smaller than those of wild type flies because of a nick at the anterior border of the eye (Fig. 1A and B). At the nicked region, extra hairs and/or rod-like tis- sues are usually present. Overgrowth of eye tissue occasionally occurs, resulting in eye enlargement. The eyes of fee flies were categorized into six classes depending on their size relative to the eyes of the wild type (Fig. 1C) . The various eye-reduction phenotypes of fee flies were similar to those of L mutants. For example, the L si heterozygote exhibits slightly reduced eyes that are nicked near the anterior D/V boundary (Chern and Choi, 2002 ), similar to the major fee phenotype. In the L si homozygote, the ventral eye is absent, which is also reminiscent of the fee phenotype (see the Supplementary information and Supplementary  Fig. 1 ). We further investigated whether fee is a mutant of L, and found that the trans-heterozygotes for fee and the null mutant L rev6-3 (Chern and Choi, 2002) had smaller eyes than fee flies (Fig. 1D ). In addition, we were unable to recombine fee with L rev6-3
, suggesting that fee is allelic to L. Quantitative RT-PCR showed that the L mRNA levels was highly reduced in fee flies (Fig. 1E ), suggesting that fee is a L hypomorphic mutant; we therefore designated these L fee .
2.2.
Ectopic upd expression and Jak/STAT signaling account for eye reduction
The gene upd encodes a ligand that activates Drosophila Jak/STAT signaling (Harrison et al., 1998) . We used upd-lacZ (Sun et al., 1995) to monitor upd expression, which can be observed in adult eyes as pigmentation that appears at the PC in response to the mini-white reporter (Fig. 2A) ; upd-lacZ also expresses b-galactosidase at the PC of the eye disc at the second instar larval stage (Fig. 2D) . We observed that the expression of upd in the PC appeared normal in L fee flies, but there was ectopic upd expression in patches of cells around the D/V boundary in the second and early third instar larval eye discs (46.6%, n = 15) and in adult eyes ( Fig. 2B and E) . A similar ectopic upd expression pattern was also observed in L rev6-3 heterozygotes (Fig. 2C) . However, ectopic upd expression did not appear to be induced by L rev6-3 mutant clones ( Supplementary   Fig. 2 ). Therefore we performed a number of experiments in the L fee mutant and heterozygotes of L rev6-3
. To further test whether Jak/STAT signaling was activated ectopically, we examined 10X-Stat92E-GFP, a reporter of Jak/STAT activity (Bach et al., 2007) . The reporter showed that Jak/STAT signaling was present in entire second instar larval eye disc, but decreased and restricted to the posterior region behind the MF at the third instar stage. In L fee mutants, we found that expression of 10X-Stat92E-GFP occurred ectopically in the nicked ventral eye at the third instar stage (Fig. 2F and G) . This ectopic expression could also be observed at the second instar stage (data not shown). Thus, L mutants exhibited ectopic upd expression and Jak/STAT signaling. Because eye reduction in L mutants occurs in the ventral eyes, the presence of ectopic Jak/STAT signaling in the ventral eye disc raises the possibility that this signaling is a cause of eye reduction, in which case, reducing upd expression might restore the eye size. The homozygous hypomorphic mutant of upd, os 1 , exhibits reduced eye size , , eye size was restored (Fig. 3A) . We tested whether suppression of Jak/STAT signaling produced similar results. Jak/STAT signaling can be downregulated in the Stat92E mutant, Stat92E
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/Stat92E
F (abbreviated as Stat92E ts ), which is a temperature-sensitive combination (Baksa et al., 2002) . On the Stat92E ts background, the eyes of L fee flies were almost restored to normal size (Fig. 3A) . Jak/STAT signaling can be also blocked by overexpressing the dominant-negative form of the Upd receptor Domeless, Dome Dcyt (Brown et al., 2001 ). When Dome Dcyt was overexpressed using ey-GAL4, which drives gene expression throughout the eye disc from the stage of the eye primordium to the third instar stage (Quiring et al., 1994) , the eye size of L fee flies was also restored (data not shown). These data indicated that increased upd expression and hyperactivation of Jak/STAT signaling in L mutants account for the eye reduction.
Ectopic Jak/STAT signaling is not activated via Notch/ Eyg or Hh signal pathways
In the D/V boundary of eye discs of second instar larvae, Notch activates eyg expression, thereby activating upd expression (Chao et al., 2004) . To assess whether the ectopic Jak/STAT signaling pathway was activated via the Notch/Eyg pathway in L mutants, we examined Notch activity and eyg transcription in L fee flies. Notch activity at the D/V boundary can be observed using the mb-lacZ reporter (Cooper et al., 2000) . We observed a reduction in the center of the mb-lacZ expression pattern at the D/V boundary, suggesting that Notch activity was disturbed in L fee mutants ( Fig. 4A and B) . The transcription of eyg can be observed using the eyg reporter CD-GFP, which expresses GFP at the D/V boundary (Wang et al., 2008) . As with Notch activity, eyg transcription in the center of D/V boundary was decreased in L fee . Thus, eyg transcription is reduced in L fee ( Fig. 4C and D) . These findings showed that although Jak/STAT signaling was ectopically activated in L fee flies, its upstream Notch/Eyg signaling was reduced. This observation is consistent with the feedback inhibition role of STAT on Notch/Eyg expression (Flaherty et al., 2009 ). Together, these data suggest that ectopic Jak/STAT signaling in L mutants may not be activated by Notch/Eyg signal pathway. The other pathway that could activate Jak/STAT signaling is the Hh signal pathway (Reifegerste et al., 1997) . In this path- way, cells response to Hh signal via the receptor Smoothened and other downstream factors to ultimately regulate the transcription factor Cubitus interruptus (Ci) (Ingham and McMahon, 2001 ). We examined hh transcription using the hh-lacZ reporter, and found that ectopic hh positive cells were present anterior to the MF in both L fee ( Fig. 4E and F) and L rev6-3 heterozygotes (data not shown). It raises the possibility that ectopic upd expression may be due to ectopic hh expression. However, Ci expression did not associated with ectopic upd expression, and eye reduction in L fee flies could not be restored by one copy of the hh hypomorphic mutant, hh 1 (data not shown). Collectively, these findings suggested that ectopic Jak/STAT signaling is not activated via Notch/Eyg or Hh signal pathways.
The eye-reduction phenotype is not mediated by disturbed proliferation
Drosophila Jak/STAT signaling can promote proliferation during eye development and is required for MF initiation (Tsai et al., 2007) . Thus, Jak/STAT signaling plays positive roles in eye development. To investigate the role of Jak/STAT signaling in the L mutant, we tested the effect of upd overexpression in the wild type and L mutants. Consistent with previous reports (Ekas et al., 2006; Tsai and Sun, 2004) , we observed that upd overexpression driven by ey-GAL4 produced enlarged adult eyes (Fig. 3B) . Conversely, we found that upd overexpression in L fee flies exacerbated the eye reduction, resulting in eyeless heads (Fig. 3C) ; a similar result was observed in L rev6-3 heterozygotes (data not shown).
These data indicate that hyperactivated Jak/STAT signaling is detrimental to eye development in L mutants. This deleterious function of Jak/STAT signaling is in contrast to the positive role reported for Jak/STAT signaling in eye development (Ekas et al., 2006; Tsai and Sun, 2004; Tsai et al., 2007) . To clarify whether Jak/STAT signaling functions in promoting cell proliferation, we examined this process in L fee flies. If eye reduction in these flies is caused by excess cell proliferation mediating via ectopic Jak/STAT signaling, inhibition of the cell cycle might suppress the phenotypes. We found that inhibiting cell cycle progression by overexpression of p21 did not restore the eye size; instead, the eyes became smaller (Fig. 3D) . Furthermore, an anti-proliferative role of Drosophila STAT92E has been reported in wing development (Mukherjee et al., 2005) . We assessed whether eye reduction in the L mutant was caused by Jak/STAT-mediated inhibition of cell cycle progression. We found that the eye defects were not significantly restored when cell cycle progression was promoted by Cyclin E overexpression in L fee eye discs (data not shown); similar results have been reported for L rev6-3 heterozygotes (Singh et al., 2006) . Thus, it is unlikely that Jak/STAT pathway acts to inhibit proliferation in L mutants. In addition, we detected no obvious increase or decrease in cell proliferation, as evidenced by the proliferation marker phosphorylated histone H3 in L fee mutants (data not shown). Collectively, the eye reduction in L mutants seems not to be caused by disturbed proliferation.
Combined ectopic upd expression and apoptosis in L mutants impair eye development
We demonstrated that both ectopic Jak/STAT signaling and cell apoptosis are responsible for eye reduction in L mutants ( Fig. 2A ; see Supplementary information and Supplementary  Fig. 1C-E) . Furthermore, we found that suppressing apoptosis in L fee flies by p35 overexpression inhibited ectopic upd expression: upd ectopic expression was detected in 46.6% of eye discs of L fee flies (n = 15), and in 15% of eye discs of L fee flies with p35 overexpression (n = 20). Overexpression of p35 could also inhibit ectopic Jak/STAT signaling detected by grh-STATlacZ (Tsai et al., 2007) ; ey > Dome Dcyt flies (n = 13). This showed that ectopic Jak/STAT signaling might mediate cell apoptosis. Together, ectopic Jak/STAT signaling and cell apoptosis in L mutants impair eye development cooperatively.
TORC1 signaling is hypoactivated in L mutants
PRAS40 has been reported to regulate the TORC1 signal pathway in cultured cells (Fonseca et al., 2007; Sancak et al., 2007; Vander Haar et al., 2007) . However, the role of L in TORC1 regulation during development is unclear. We found a genetic interaction between L mutants and flies overexpressing dTOR. Overexpression driven by ey-GAL4 at room temperature resulting in a small reduction of adult eye size, and a greater reduction was observed at 29°C ( Fig. 5A and  6A) . Overexpression of dTOR in L fee heterozygotes resulted in an apparent eye reduction that did not occur in L fee heterozygotes (Fig. 5A) . Moreover, dTOR overexpression enhanced the eye reduction of L fee homozygotes (Fig. 5A ) and L rev6-3 heterozygotes (data not shown). These findings suggest that eye reduction caused by L reduction and dTOR overexpression may be due to a similar mechanism. Overexpression of dTOR in wing results in defects similar to those of a loss of dTOR function, and Hennig and Neufeld proposed that dTOR overexpression may reduce TOR signaling via titration of essential cofactors (Hennig and Neufeld, 2002) . This suggests that TOR signaling in L mutants is downregulated, and we found evidences supporting this hypothesis. TORC1 promotes protein synthesis through phosphorylation of 4EBP and S6K. Loss of dS6K would reduce TORC1 signaling. We found that downregulation of TORC1 signaling by dS6K mutant heterozygosity caused further eye reduction in L fee flies (Fig. 5B) . Moreover, because dMyc acts downstream of TORC1, overexpression of dMyc can suppress the defect caused by dTOR overexpression (Hennig and Neufeld, 2002) . Indeed, overexpression of dMyc significantly restored the eye size in L fee flies and dTOR overexpression eye discs (Fig. 5B ).
These findings suggest that TORC1 signaling is hypoactivated in L mutants. Interestingly, the eye size in L mutant flies was overexpression. Overexpression of dMyc in the wild type or L fee genetic background was driven by ey-Gal4 at room temperature; overexpression of dTOR with lacZ or dMyc was driven by ey-Gal4 at 29°C.
weakly restored when TORC1 activity was limited by treatment with the TORC1 inhibitor rapamycin (data not shown). Similar result was observed in dTOR overexpression flies. The data confirm that L mutants is resemble to dTOR overexpression, but the mechanism of how rapamycin treatment weakly restores the eye reduction is still unclear.
Hypoactivated TORC1 signaling induces ectopic upd expression and apoptosis
As TORC1 signaling is apparently hypoactivated in L mutants, we hypothesized that hypoactivation of TOR signaling would result in the phenotypes observed in L mutants. Overexpression of dTOR driven by ey-GAL4 produced reduced adult eyes ( Fig. 5A and 6A ). This may have resulted from enhanced apoptosis because ectopic apoptosis appeared in the eye imaginal discs (Fig. 6B ) and p35 overexpression can restore the eye size (data not shown). In addition, overexpression of dTOR also induced ectopic upd expression in eye discs (Fig. 6C) . Thus, dTOR overexpression in eyes produced eye reduction, ectopic upd expression, and apoptosis, which were similar to the phenotypes observed in L mutants.
In summary, these findings suggest that hypoactivated TORC1 signaling induces ectopic Jak/STAT signaling and cell apoptosis, and that together these contribute to eye reduction in L mutants.
Discussion
Reduction of L downregulates TORC1 activity
PRAS40 participates in the TORC1 signal pathway, but its function in mTORC1 activity, based on studies in cultured cells, is controversial. Some have suggested that PRAS40 acts to inhibit TORC1 activity (Sancak et al., 2007; Vander Haar et al., 2007) , while others have indicated that PRAS40 is required for TORC1 signaling (Fonseca et al., 2007) . Whether the Drosophila PRAS40 L acts positively or negatively in regulating TORC1 during eye development is unknown. Our data show that reduction of L phenocopies overexpression of dTOR. Overexpression of dTOR has been reported to produce phenotypes similar to that of loss of dTOR, because excess dTOR may titrate cofactors and thereby decrease TOR activity (Hennig and Neufeld, 2002) . This suggests that TOR signaling is downregulated by L reduction. Consistent with this, our genetic analysis of L mutants and TOR signal pathway component suggest TORC1 hypoactivity in L mutants. PRAS40 has been proposed to function in the assembly of TORC1 (Fonseca et al., 2007) . It is possible that, in similar way to dTOR overexpression, reducing L impairs TORC1 assembly, thus decreasing TORC1 signaling. Reduction of L may disrupt eye development through downregulation of TORC1 signaling, supporting the idea that PRAS40 is required for TORC1 activity.
Reduction of L induces ectopic upd expression
Drosophila eye development requires the TOR and Jak/STAT signal pathways, but it is not know whether an interaction between these two signal pathways occurs. Endogenous upd expression is present in the PC, but not in the interior eye disc Zeidler et al., 1999) . We demonstrated that L reduction can induce ectopic upd expression in the interior eye disc, indicating that L is a negative regulator for upd expression. Our data show that L reduction-mediated eye disruption is due to hypoactivation of TORC1 signaling, suggesting that hypoactivity of TORC1 is responsible for inducing upd expression.
We found that ectopic upd expression is induced by reduction of L (L fee and L rev/+ ), but not by its complete loss (L rev homozygous clones), suggesting that different L levels may cause distinct effects. As PRAS40 acts to transmit the Akt signal to TORC1, complete loss, but not reduction, of L could result in an uncoupling between Akt and TORC1 (Vander Haar et al., 2007) . This would release the Akt-mediated inhibition of TORC1, resulting in increased TORC1 activity. Thus, complete loss of L or PRAS40 may increase TORC1 activity. It is possible that the opposite functions of PRAS40 reported in cultured cells could be due to different PRAS40 levels remaining after knockdown. Whether complete loss of L function inhibits or promotes TORC1 signaling in Drosophila eyes remains to be investigated. Our mosaic analysis data showed that dTOR homozygote clones did not induce ectopic upd expression, suggesting that complete loss of dTOR function has a different effect from that of L reduction. Overexpression of dMyc can completely restore the eye size in the L fee flies, but only partially represses the eye defect of dTOR overexpression (data not shown). These data support the idea that L reduction may not equate to loss of dTOR. We reason that as TOR is involved in TORC1 and TORC2, its loss should eliminate the functions of both TORC1 and TORC2. Because L participates only in TORC1 signaling, reduction of L would affect TORC1 signaling only. The regulation of TORC1 and TORC2 signaling by L needs further investigation. We found that suppressing apoptosis can decrease ectopic upd expression upon L reduction, suggesting that apoptosis is a cause of ectopic upd expression. It has been reported that apoptosis can activate ectopic upd expression and Jak/STAT signaling via Notch signaling in apoptosis-induced compensatory proliferation (Herz et al., 2006; Moberg et al., 2005) . However, ectopic upd expression on L reduction is not likely to be mediated by Notch activity, and no ectopic proliferation occurs. Thus, apoptosis due to L reduction is different from apoptosis-induced compensatory proliferation. Further, TOR hypoactivation may trigger ectopic upd expression independent of apoptosis, as suppression of apoptosis did not eliminate all ectopic upd expression. Further investigation of how hypoactivated TORC1 regulates upd expression is needed.
3.3.
Reduction of L makes JaK/STAT signaling harmful to eye development
The Drosophila Upd acts through Jak/STAT signaling to promote proliferation during eye development . However, we found that on L reduction, decreasing Jak/STAT signaling could restore the eye defect, whereas increasing the upd expression level could completely abolish eye development. Thus, an unexpected finding was that ectopic Jak/STAT signaling in L mutants is harmful to eye development.
The fact that decreasing Jak/STAT signaling can reduce apoptosis in L mutants indicates that the induction of ectopic Jak/STAT signaling is required for apoptosis. We reason that the apoptosis-promoting ability of Jak/STAT is possibly due to its repression of Serrate (Ser) expression (Flaherty et al., 2009 ). Ser expression is inhibited by L mutation (Chern and Choi, 2002) , and loss of Ser function during eye development causes apoptosis (Singh et al., 2006) . Our data showed that heterozygosity for Ser can reduce eye size in L fee heterozygotes (Supplementary information), but not in the wild type, suggesting that decreased Ser expression may play a role in eye reduction. Whether Ser repression mediates the apoptosis remains to be investigated. In addition, because inhibition of apoptosis does not strongly restore the L eye defect, but decreasing Jak/STAT activity fully restores it (comparing ey > p35 and Stat92E ts ), there is the possibility that the ectopic Jak/STAT activity affects eye development via an apoptosisindependent mechanism. Thus, a novel finding from our data is that Jak/STAT signaling can negatively regulate eye development. An important issue is the control over the positive and negative roles of Jak/STAT signaling during eye development. Overexpression of upd driven by ey-GAL4 in the wild type produces adult with enlarged eyes (Ekas et al., 2006; Tsai and Sun, 2004) , but it eliminates eye formation in L mutants. Because L reduction exhibits hypoactivation of TORC1 signaling, we speculate that TORC1 signaling plays a role in controlling the balance between the opposing functions of Jak/STAT signaling.
In summary, reduction of the Drosophila PRAS40 L results in hypoactivation of TORC1 signaling. This leads to apoptosis and ectopic Jak/STAT activation, both of contribute to disruption of eye development. Our data indicate that TORC1 signaling is able to regulate the expression and functions of the Jak/ STAT signal pathway during eye development. Further studies using L mutants may uncover the mechanisms by which L regulates TORC1 signaling, and how TOR controls the Jak/ STAT signal pathways. Also noteworthy is the report that decreasing PRAS40 can increase apoptosis of tumor cells (Madhunapantula et al., 2007) , and it is therefore of interest to investigate whether PRAS40 and TORC1 can regulate the Jak/STAT signal pathway in tumors.
4.
Experimental procedures
Fly stocks
The following flies were used:
/CyO (Chern and Choi, 2002) , upd-lacZ (Sun et al., 1995) , grh-STAT-lacZ (Tsai et al., 2007) , 10X-Stat92E-GFP (Bach et al., 2007) , os 1 (Betz et al., 2001 ), Stat92E 06436 (Hou et al., 1996) , Stat92E F (Baksa et al., 2002) , mb-lacZ (Cooper et al., 2000) , CD-GFP (Wang et al., 2008) , P{PZ}hh P30 (hh-lacZ) (Lee et al., 1992) , hh 1 (Heberlein et al., 1993) , ey-GAL4 (Quiring et al., 1994) , UAS-upd , UAS-Dome Dcyt (Brown et al., 2001) , UAS-p21 (Tseng and Hariharan, 2002) , UAS-CycE (Lane et al., 1996) , UAS-p35 (Hay et al., 1994) , dS6K 07084 /TM6B (Montagne et al., 1999) , UAS-dTor (Hennig and Neufeld, 2002) , UAS-dMyc (Zaffran et al., 1998) , UAS-lacZ (Brand and Perrimon, 1993) , Tor DP /CyO (Zhang et al., 2000) , Ser RX106 / CyO (de Celis et al., 1996) , and mirror-lacZ (Sun et al., 1995) .
Immunostaining and X-Gal staining
Eye-antennal discs were stained as previously described (Chen and Chien, 1999) . The primary antibodies used were rabbit anti-activated caspase 3 (Cell Signaling; 1:250), rabbit anti-phosphorylated histone H3 (Upstate Biotechnology; 1:200), Rat anti-Ci (Motzny and Holmgren, 1995) (1:1); and antibodies provided by the Developmental Studies Hybridoma Bank (DSHB), including rat anti-Elav (1:250), mouse anti-Cut (1:100), and mouse anti-b-galactosidase (1:100). Fluorescence images were obtained using a Zeiss LSM 510 confocal microscope. X-Gal staining was carried out according to the method described (Sun et al., 1995) .
Drosophila incubation and rapamycin treatment
Flies were fed with normal fly food at 25°C unless otherwise noted. For overexpression of dTOR at 29°C, flies were allowed to lay embryos at 25°C for 48 h. The embryos were transferred to 29°C for incubation to adult stage. For rapamy-cin treatment, flies were allowed to lay embryos for 48 h. The embryos and larvae were transfered to fly food with 1 lM rapamycin/DMSO or with 0.1% DMSO.
Quantitative RT-PCR
Total RNA was extracted from eye-antennal discs of third instar larvae using TRIzolÒ Reagent (Invitrogen), and treated with RNase-free Dnase I (Invitrogen). cDNA was synthesized with SuperScript III Reverse Transcriptase (Invitrogen) using an oligo-(dT) primer. The qRT-PCR reaction was performed using SYBR Green Real-Time PCR Master Mix (TOYOBO). The primers used are available on request.
Genetic mosaic analysis
Loss of function clones were generated using the FLP/FRT system of mitotic recombination (Xu and Rubin, 1993 /CyO males were crossed with yw, ey-FLP; Ubi-GFP FRT 40A virgins. Heat shock at 37°C for 1 h was used for induction of hs-FLP and ey-FLP in these larvae (laid after 24-72 h).
